Abstract
normal-weight individuals [1] leading to the rise of circulating NEFA. As a consequence of adipose tissue insulin resistance, this enhanced lipolysis is unresponsive to hyperinsulinaemia [2] [3] [4] [5] and, in turn, induces insulin resistance in other tissues by increasing the plasma NEFA concentration. In fact, high levels of plasma NEFA also cause hepatic and skeletal muscle insulin resistance in healthy individuals [2] [3] [4] [5] .
Adipose tissue insulin resistance seems to play a relevant role in the development of type 2 diabetes mellitus [2] [3] [4] [5] [6] . An elevated lipid turnover rate has been found to precede the development of type 2 diabetes in individuals with a family history of diabetes [7] [8] [9] . Fatty acids amplify glucose-stimulated insulin secretion, thus playing a central role in the mechanism of beta cell compensation for insulin resistance [10] . However, high NEFA levels, in a range close to those observed in obesity, impair insulin secretion in the offspring of both diabetic parents [11] . Accordingly, short-term treatment with the antilipolytic agent acipimox improves insulin sensitivity and secretion in normal glucose-tolerant nondiabetic individuals with a strong family history of type 2 diabetes [12] .
In the long term, morbidly obese individuals undergoing malabsorptive bariatric surgery (bilio-pancreatic diversion [BPD] ) show a large reduction of plasma NEFA concentration [13] [14] [15] [16] . In type 2 diabetic patients who underwent BPD, the beta cell glucose sensitivity was restored in about 2 years [17] . However, BPD results in an early reversibility of type 2 diabetes by normalising peripheral insulin sensitivity and enhancing beta cell glucose sensitivity long before a significant weight loss takes place [18] .
We have recently demonstrated [19] that the inclusion of plasma NEFA concentration as a comodulator of circulating glucose levels in the insulin secretion process permits an explanation, at least in part, of the potentiation factor used in previous mathematical models [20, 21] to account for control factors other than glucose after either mixed meals and/or oral glucose load. The model describes in a simplified way some of the interactions between glucose and fatty acid metabolism in nutrient-secretion coupling [10, 22, 23] .
To investigate the role of NEFA in the prompt normalisation of beta cell glucose sensitivity after BPD, previously observed by using an OGTT [18] , insulin secretion and beta cell glucose and lipid metabolism were investigated in the present study by a model of nutrient-stimulated insulin secretion [19] using the multiple-meal test. To this purpose, nine type 2 diabetic patients and six healthy controls matched for age and sex were studied over 24 h in a calorimetry chamber. Study protocol All individuals were randomly assigned to the 24 h metabolic study or to the OGTT either at baseline and 7-9 days after bariatric surgery. The two tests were performed at an interval of 24-48 h.
Methods

Patients and controls
At the time of the baseline study, all individuals were on a diet with the following average composition: 60% carbohydrate, 30% fat and 10% protein (≥1 g/kg body weight). This dietary regimen was maintained for 1 week before the study. All patients received the same parenteral nutrition regimen (about 7,100 kJ/day) during the first 6 days after surgery, then they were on free diet. For the basal study, each individual spent 24 h (starting at 08:00 hours) on the metabolic ward. Four meals were administered in the calorimetric chamber for a total energy intake of 104.5 kJ (25 kcal)/kg FFM: 16.4% at breakfast at 09:00 hours, 36% at lunch between 12:00 and 13:00 hours, 13.4% at an afternoon snack at 16:00 hours and 34.2% at dinner at 20:00 hours. Diet composition was 16 OGTT A standard 75 g OGTT was performed in each patient at baseline and after surgery as well as in each volunteer, with blood sampling at 0, 30, 60, 90, 120, 150 and 180 min. Insulin sensitivity was computed by the OGTT minimal model [25] .
Body composition analysis Body composition was evaluated, on a separate day, by the determination of total body water (TBW) using 0.19 Bq 3 H 2 O in 5 ml of saline administered as an intravenous bolus injection [26] . Blood samples were drawn before and 3 h after the injection. Radioactivity was determined in duplicate on 0.5 ml of plasma in a beta scintillation counter (Model 1600TR; Canberra-Packard, Meriden, CT, USA). Corrections were made for non-aqueous hydrogen exchange [27] . Water density at body temperature was assumed to be 0.99371 kg/l. TBW (kg) was computed as 3 H 2 O dilution space (litres)× 0.95×0.99371. FFM was obtained by dividing TBW by 0.732 [28] . Fat mass was obtained as the difference between body weight and FFM. All procedures and measurements described for the basal study were repeated in the obese individuals at the follow-up.
BPD This malabsorptive surgical procedure [29] consists of an approximately 60% distal gastric resection with stapled closure of the duodenal stump. The residual volume of the stomach is about 300 ml. The small bowel is transected at 2.5 m from the ileo-caecal valve, and its distal end is anastomosed to the remaining stomach. The proximal end of the ileum, comprising the remaining small bowel (involved in carrying bilio-pancreatic juice but excluded from food transit), is anastomosed in an end-toside fashion to the bowel, 50 cm proximal to the ileocaecal valve. Consequently, the total length of absorbing bowel is reduced to 250 cm, the final 50 cm of which, the so-called common channel, represents the site where ingested food and bilio-pancreatic juices mix.
The study was approved by the Institutional Ethics Committee of the Catholic University of Rome. The nature and purpose of the study were carefully explained to all individuals before they provided their written consent to participate.
Analytical procedures Plasma glucose was measured by the glucose oxidase technique on a Beckman Glucose Analyzer (Beckman, Fullerton, CA, USA). C-peptide was assayed by RIA (MYRIA; Technogenetics, Milan, Italy). Serum NEFA was measured spectrophotometrically.
Mathematical model and parameter estimation The 24 h ISR was estimated by using a previously proposed mathematical model of glucose-NEFA comodulation [19] . Model equations are reported and briefly explained in the appendix. The model allows the computation of the ISR from the time-course of glucose and NEFA plasma concentrations. To analyse the C-peptide data, the ISR model was complemented by the equations for the whole body C-peptide kinetics. We have used the validated twocompartment model [30, 31] , calculating the standard parameters of C-peptide kinetics for each individual as proposed by van Cauter et al. [31] .
The ISR model parameters were estimated for each individual by weighted least-squares fitting of plasma C-peptide concentration data [19] . The least-squares index was minimised by means of a constrained LevenbergMarquardt routine of the MATLAB library and the SDs of the estimates of individual parameters were evaluated by the Jackknife method [19] . From the parameter estimates, the 24 h individual ISR profile was derived. For comparison, the ISR profile was also reconstructed from the plasma C-peptide concentration by the deconvolution method, according to van Cauter et al. [31] . The β-oxidation rate was computed for each individual by means of Eq. 3 in the appendix.
Statistical analysis All data are expressed as means±SE, unless otherwise specified. The Wilcoxon paired-sample test and the ANOVA test for repeated measurements, followed by a Tukey test were used for intragroup and intergroup comparisons, respectively. Two-sided p<0.05 was considered significant.
The duration (ranging from 6 months to 10 years before the operation) and the degree of compensation of diabetes (HbA 1c ) were used as covariates in a multiple regression analysis where the dependent variable was the change in beta cell glucose sensitivity after BPD.
Results
A non-significant weight loss (6.7±3.3 kg [mean±SD]) was observed 1 week after BPD. The FFM after BPD was 80.9± 15.7 kg and was not significantly different from FFM before BPD. The 24 h average concentrations of glucose before and after BPD (13.6±5.6 vs 7.8±2.6 mmol/l) were significantly different (p<0.01), and the glucose concentration after BPD was not significantly different from that found in controls (5.2±1.0 mmol/l). The 24 h average concentration of C-peptide after BPD (1.2±0.7 nmol/l) was significantly (p<0.05) lower than that before BPD (1.7±0.9 nmol/l) and did not differ significantly from the average concentration in controls (0.7±0.3 nmol/l). The 24 h average concentrations of NEFA before and after BPD (0.64±0.08 vs 0.65±0.30 mmol/l) were not significantly different and were larger than in controls (0.31±0.08 mmol/l, p<0.05). The time-course of NEFA plasma level over 24 h before and after BPD is reported in Fig. 1 .
The estimates of model parameters are reported in Table 1 . For all individuals, the SD of the individual parameter estimates was consistently <20%. The parameter p 1 , which represents the 24 h average beta cell sensitivity to both glucose and NEFA, was doubled 1 week following BPD (p<0.01). Nevertheless, this parameter did not reach the values observed in healthy controls. The parameter p 2 , which is related to the rate of long-chain acyl-CoA (LCCoA) use in the cytosol, recovered completely after BPD, being substantially equal to the values found in controls. Also p 3 , which expresses the efficiency of LC-CoA transport into the mitochondria, where LC-CoAs are β-oxidised, reverted to normality. Thus the ratio p 3 /p 2 , which represents the balance between LC-CoA β-oxidation and its use in the cytosol [19] , was fully normalised early after the operation. The integral over 24 h of the insulin secretion rate (ISR; cumulative insulin secretion, AUC ISR ) decreased from 277.1±144.4 to 198.0±107.6 nmol/m 2 (p< 0.02) and did not differ from that found in controls (135.0± 30.0 nmol/m 2 ). The amplitude δ and the initial phase ϕ of the ISR circadian rhythm did not change significantly after BPD. Whereas the amplitude was significantly higher in controls (p<0.001), the phase was not statistically different from before/after BPD. The rate of β-oxidation in the beta cell was found to be completely normalised after the operation, from 0.032±0.012×10 Figure 2a-c shows the model fitting of the 24 h C-peptide plasma concentration before and after the operation in a representative diabetic patient. The time-course of the ISR, estimated both by the model and by the deconvolution method, is also reported. The cumulative 24 h insulin secretion attained the same value when computed by the mathematical model or by the deconvolution. The peaks corresponding to the meals were reduced after the operation, shifting towards the values observed in controls (Fig. 2d,e) .
The relationship between the static component of the ISR (denoted as S, see Eq. 1 in Appendix) and NEFA concentration is shown in Fig. 3a for controls and type 2 diabetic patients before and after BPD. The curves are plotted at the glucose level (G) indicated, using the parameters p 1 , p 2 and p 3 of Table 1 . The points mark the 24 h average NEFA/ISR value with the average glucose concentration found in each group of individuals. The variability of the curve with glucose level is shown only for controls. Figure 3b shows the rate of β-oxidation per cell (B) as a function of plasma glucose concentration, computed by the model (Eq. 3 in appendix) in diabetic patients before and after BPD and in controls. At least to our knowledge, no data are available in the literature on fatty acid oxidation in islets from obese diabetic humans or in healthy individuals. Therefore we plotted in Fig. 3b , as a reference, the values of palmitate oxidation in Zucker lean rat islets, as deduced by the data reported in Nolan et al. [23] assuming that the average beta cellular protein content is 200 fg.
The time-courses of glucose and insulin concentration during the OGTT of diabetic patients and controls are shown in Fig. 4 . Both the fasting glucose and insulin plasma levels and their values at 120 min were dramatically reduced after BPD. The ADA criteria to define diabetes mellitus (fasting plasma glucose ≥7 mmol/l or an OGTT with the 2 h postload value ≥11.1 mmol/l) were no longer fulfilled after the operation, as shown in Fig. 4 , so the The improvement in the beta cell function, measured by the difference Δp 1 = p 1,postBPD − p 1,preBPD , significantly (p<0.0001) correlated with both the time interval between diagnosis of diabetes and surgery (y=−0.0307x+0.2812, R 2 =0.88) and the HbA 1c values averaged over the last 3 months preceding BPD (y=−0.0458x+0.5842, R 2 =0.78). In a multivariate analysis, where the dependent variable was Δp 1 and the independent variables were HbA 1c and diabetes duration, the best predictor of the beta cell function improvement was the duration of diabetes (β coefficient −0.667, p=0.023; adjusted R 2 of the model=0.89). The longer the duration of diabetes, the lower was the recovery of beta cell function. 
Discussion
The major results of the present study may be stated as follows:
1. In diabetic patients who underwent malabsorptive bariatric surgery, the beta cell glucose/NEFA sensitivity was doubled early after the operation, before a significant weight loss was achieved. 2. The shorter the time interval between diagnosis of type 2 diabetes and bariatric operation and the lower the severity of diabetes, the better was the recovery of beta cell function. 3. Fatty acid oxidation in the beta cell, as calculated by the mathematical model, was fully normalised after BPD, suggesting that the impairment of pancreatic fatty acid β-oxidation is a reversible phenomenon. 4. Insulin secretion was reduced mainly as a consequence of the normalisation of insulin sensitivity. Circulating NEFA was indeed slightly, although not significantly, increased after BPD, probably as a consequence of the increased fat mobilisation by hormone-sensitive lipase, which is activated when the circulating insulin level drops. The lack of a significant increase in NEFA concentration may be attributable to a higher insulin sensitivity of adipose tissue, which attenuates the potential rise in NEFA.
Points 1-4 are discussed in detail in the following.
Beta cell glucose/NEFA sensitivity One of the first pieces of evidence of diabetes resolution after bariatric surgery was reported by Pories et al. [33] . Although the surgical technique used in that study was the gastric bypass, whereas BPD was used in the present study, in our series also diabetes was reversed early after the operation when body weight was quite unchanged. Insulin sensitivity exerts a modulating effect on the beta cell function, so that beta cells are initially able to compensate for insulin resistance, thus maintaining glucose homeostasis. In fact, insulin sensitivity and beta cell function are inversely related, whereby the product of these two parameters is a constant referred to as the disposition index [34] . But insulin hypersecretion is no longer able to fully compensate for increasing insulin resistance when beta cell function is impaired, so that type 2 diabetes mellitus develops [35] [36] [37] [38] [39] [40] . Individuals with impaired glucose tolerance and overt type 2 diabetes are characterised by moderate to severe insulin resistance [40, 41] . For instance, Haffner et al. [42] reported that insulin resistance was present in >85% of a cohort of diabetic individuals. It is interesting to note that Ferrannini et al. [41] have shown that a halving of beta cell glucose sensitivity or a halving of insulin sensitivity predicts a similar rise in the 2 h glycaemia after glucose challenge as well as in the fasting plasma glucose levels, suggesting that either the beta cell glucose sensitivity or the insulin resistance can equally contribute to hyperglycaemia in type 2 diabetic patients.
In our series, a reduction of insulin secretion was found after BPD in all individuals whereas the insulin sensitivity was significantly increased, suggesting that the improvement of insulin sensitivity may induce a corresponding improvement in beta cell glucose/NEFA sensitivity.
Relationship between diabetes duration and beta cell function recovery The effect of bariatric surgery in terms of recovery of beta cell function (Δp 1 ) was maximal in those individuals whose diabetes was diagnosed shortly before the operation, while the effect decreased linearly with the increase of diabetes duration. The UKPDS data [43] clearly indicate that there is a progressive deterioration of pancreatic beta cell function as type 2 diabetes progresses. In fact, type 2 diabetic patients at diagnosis had about 50% reduction in pancreatic beta cell function and were insulin resistant, whereas over time there was a reduction (about 4%/year) in the beta cell function regardless of treatment, without change in insulin resistance.
In agreement with our results Schauer et al. [44] found, in a cohort of 1,160 patients who underwent laparoscopic Roux-en-Y gastric bypass, that the factors that negatively correlated with type 2 diabetes mellitus resolution included the preoperative duration of diabetes, high levels of HbA 1c and insulin therapy, which are all measures of diabetes severity. In contrast, the weight loss was positively associated with diabetes resolution. Our data are not affected by the weight loss variable, since our patients were studied very early after the operation when no significant weight loss was attained.
On the basis of the present observations, it may be hypothesised that in patients with long-standing type 2 diabetes the defects in beta cell mass predominate, whereas the patients with a short duration of diabetes primarily exhibit an impairment in beta cell function.
Beta cell fatty acid oxidation A β-oxidation impairment in the beta cells has been described by Frigerio et al. [45] . The anti-epileptic drug topiramate exerts a protective effect against INS-1E beta cell lipotoxicity induced by prolonged exposure to high levels of fatty acids, by enhancing the cellular capacity of lipid clearance. In fact, this drug enhances the β-oxidation rate, suggesting that a protective mechanism against lipotoxicity could be the inhibition of lipid accumulation in the cytoplasm through increased fatty acid oxidation.
Furthermore, fa/fa rat islets, a useful replica of the human phenotype of adipogenic type 2 diabetes, exhibit a markedly increased lipogenic capacity and a decreased oxidative capacity [46] ; unused NEFA in islets are esterified and over time an excessive quantity of triacyglycerol is deposited [46] .
Our observation that fatty acid oxidation rate in beta cells is normalised a few days after BPD suggests that the impairment of fatty acid oxidation is reversible and that it is not related to the fatty acid overloading of beta cells. In fact, circulating NEFA levels were not statistically changed from before BPD, when their oxidation rate was calculated to be three times lower than in healthy controls.
At least to our knowledge this is the first evidence of a defect in beta cell fatty acid oxidation in type 2 diabetes in humans. This defect is completely reversed shortly after BPD even before complete normalisation of beta cell glucose sensitivity. It is likely that this prompt reversibility might depend on the removal of some competitive inhibitory action exerted on carnitine palmitoyltransferase 1 (CPT-1).
Insulin secretion It has been reported that in type 2 diabetic patients the insulin pulses related to meals are decreased in amplitude and disorganised in their temporal pattern [47, 48] and that, in most diabetic patients, these abnormal patterns did not improve with weight loss [49] .
In our post-BPD patients, although insulin secretion was reduced, it was still sufficient to provide a normalisation of the insulin-dependent glucose disposal. This effect occurred in spite of the non-significant reduction in circulating NEFA levels, suggesting that other mechanisms should intervene. In particular we hypothesise that insulin sensitivity normalisation may be the first to occur and that, secondarily, the need for insulin secretion diminishes.
Conclusions
Malabsorptive bariatric surgery in type 2 diabetic patients restores β-oxidation in pancreatic beta cells, doubles the glucose-NEFA sensitivity and reverts to normality the diabetic condition. Since circulating NEFA levels (which together with glucose concentration determine the ISR) do not decrease significantly, it is likely that it is the normalisation of insulin sensitivity that causes the reduction of insulin secretion. A fivefold increase of insulin sensitivity, as was observed in our study population, is much higher than that usually obtained by insulin sensitising agents, and it is independent of weight changes. Therefore, it is conceivable that the altered intestinal physiology produced by the surgical operation could be the causative factor of these findings. In particular, the exclusion of part of the small bowel from food transit might act to avoid local production of factor(s) worsening insulin sensitivity.
We stress that the results of the present study cannot be extended to all type 2 diabetic patients since they derive from a specific category of patients where the insulin secretion is still high enough in spite of frank diabetes mellitus.
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Appendix
Mathematical model
We describe here in a synthetic form the mathematical model of NEFA-glucose comodulation of beta cell insulin secretion [19] .
As in other mathematical models of glucose-stimulated insulin secretion [20, 50] , the ISR is given by the sum of a static and a dynamic component. The static component is modelled here according to the view that a dual signalling pathway that involves both glucose and LC-CoA regulates the stimulation of insulin secretion [22] (see Fig. 5 ). The kinetics of LC-CoA formation from exogenous NEFA is represented by a single rate constant k. Cytosolic LC-CoA has two possible fates: bind to CPT-1 and be transported into mitochondria to undergo β-oxidation, or be enrolled in diacylglycerol (DAG) synthesis and enhance the ISR, possibly via activation of protein kinase C. A key aspect of the model is that it describes in a very simplified way the inhibitory action of glucose (via malonyl-CoA) on the binding of LC-CoA to CPT-1 and thus on the rate of LCCoA transport into mitochondria. The following equation for the static ISR component S (expressed in nmol/min) has been obtained [19] :
where G and F are the glucose and NEFA concentration respectively, the coefficient p 1 is the beta cell sensitivity to both glucose and NEFA, p 2 is related to the rate of LC-CoA use in the cytosol, and p 3 expresses the efficiency of LCCoA transport into mitochondria where LC-CoAs are β-oxidised. The term in square brackets in Eq. 1 is a sort of 'potentiation factor' that accounts for the action of fatty acids on insulin secretion and the influence of glucose on fatty acid metabolism. By adding the dynamic component to the static component, we obtain the expression for the ISR:
Because the parameter p 1 was found to change with the time during the 24 h meal test [19] , we have added to p 1 a circadian oscillation [20] . Thus the glucose/NEFA sensitivity coefficient is expressed as p 1 +δ sin(2πt/T+ϕ), where p 1 is the average value over the 24 h, δ is the amplitude of the oscillation, T is the period equal to 24 h, and ϕ is the phase at the initial time (t=0 taken at 08:00 hours). The ISR model has the following unknown parameters: k, p 1 , p 2 , p 3 , δ, ϕ, k d , to be estimated from the data.
In the hypothesis that the LC-CoA transported into the mitochondria is completely β-oxidised, the rate of β-oxidation B (expressed as mmol/min per cell) can be determined as the difference between the NEFA influx into the beta cell and the rate of LC-CoA use in the cytosol. This leads to the expression:
where V is the volume of the beta cell. It may be seen that B decreases with the increase of the glucose concentration G.
